Seventeen mono-, di-and trifunctionalized 1,8-cineole derivatives carrying OH, OAc, keto and lactone functions at C-5, C-8 and C-9 were synthesized from 1,8-cineole with fair to excellent yields. The antibacterial activity of these synthetic compounds against Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Staphylococcus aureus using the agar dilution method was examined. Lactones 1,3-dimethyl-2-oxabicyclo[2.2.2]octan-8-endo-acetyloxy-5→9-olide (15) and 1,3-dimethyl-2oxabicyclo[2.2.2]octan-8-endo-ol-5→9-olide (16) showed the highest antibacterial activity against all the three Gram negative bacteria assayed. A structure-activity relationship (SAR) study on the oxygenated 1,8-cineole derivatives has allowed a model to be proposed for the recognition of the minimal structural requirements for the antimicrobial effect.
1,8-Cineole (1) (systematic name: 1,3,3-trimethyl-2oxabicyclo[2.2.2]octane), hereafter referred to as cineole, also known as eucalyptol and cajeputol, is a monoterpene oxide widely distributed in the plant kingdom, being the main constituent of most Eucalyptus oils [1a] and many other essential oils [1b] . It has been estimated that in Australia alone more than 500,000 tonnes of cineole are released into the environment each year [2] . The fate of this quantity of chemical is obscure. Probably the major part of the cineole is removed by microbiological oxidation [3a-e] , with lesser amounts being consumed by Australian marsupials that feed on Eucalyptus foliage (possums and koalas) [4a-e] , and bushfires. Due to the decongestant, antitussive and antibacterial properties [5a,b] of cineole, the value of eucalyptus oils for medicinal purposes is based largely on its cineole content [5c,d] . Currently, cineole is present in some 200 pharmacological formulations [6] , though the development of new and more effective drugs is quickly replacing preparations based on cineole as the active principle. On the other hand, cineole itself, as well as essential oils rich in cineole, show promising fumigant effects to control stored-grain insect pests [7a,b,8] .
Recently a series of 6-hydroxycineole esters [9] and 5-hydroxycineole benzyl ethers [10] have been synthesized and evaluated for their antimicrobial activity. As there are no C-H activated bonds in the molecule, cineole is chemically rather inert and consequently, the literature on its chemistry is scarce and mostly related to the cleavage of the ether bridge to give p-menthane derivatives [11] [12] [13] [14] . Owing to this, naturally occurring cineole derivatives have been reported sporadically, mainly as metabolites from living organisms fed on cineole-containing food [3, 4, 15, 16] . Thus, several oxygenated derivatives of cineole were identified in the urine and feces of the brushtail possum fed an artificial diet containing [15] .
Some years ago we reported a convenient procedure for a direct regioselective functionalization of cineole and described the synthesis of several mono-and difunctionalized derivatives [12a,b] . In the present work we describe the synthesis of six new cineole derivatives functionalized at C-5, C-8 and C-9, and the antibacterial activities of twelve selected derivatives comparatively evaluated against a panel of pathogenic bacteria. In addition, a structureactivity relationship (SAR) study was performed in this series to shed light on the structural factors involved in the antibacterial effect.
Compounds 2, 3, 4, 5, 8, 10 and 11 were prepared as described previously [12] . Alcohol 9 was prepared according to [4d] . The synthetic strategy for the preparation of the highly oxygenated cineole derivatives 12-17, starting from known diol 5 [12] is depicted in Scheme 1. The key step to prepare trisubstituted derivatives is the functionalization of the unactivated 9-Me group of monoacetate 7 by selective intramolecular hydrogen abstraction using the Barton reaction [17] . As cineole has a symmetry plane, all compounds synthesized in this work are racemates. (Table 1) show that cineole displays antibacterial activity at relatively high concentrations (>2000 μg/mL).
To study the structure-activity relationship, different type of structures and the effects of structural changes in different regions of the cineole (1) molecule were considered. Results of the antibacterial assays, expressed as minimum inhibitory concentration (MIC), are shown in Table 1 .
The agar dilution method showed that none of the compounds tested were active (MICs > 1000 μg/mL) In contrast, compounds possessing either one (compound 1) or two oxygen atoms (compounds 2, 4 and 9) were either inactive or displayed only a marginal effect.
To improve the understanding of the above experimental results, a conformational and electronic study of these compounds using semiempirical (AM1) and ab initio calculations was carried out. In general, compounds reported here are quite rigid conformationally and have restricted molecular flexibility. Only compounds 9-11, possessing a relatively flexible side chain, displayed different conformational possibilities. We performed a conformational study for these compounds (see below).
In an attempt to find the potential reactive sites we evaluated the electronic distribution for the low energy conformations of the cineole derivatives studied. From the calculated electron distribution, properties such as net atomic charges and bond polarities can be predicted, helping to characterize the nature of the interactions at specific receptor sites.
The electron distribution can also be used to quantitatively map the electrostatic potential generated by a molecule in all regions surrounding it [18] . Thus, the electronic study of these compounds was carried out using Molecular Electrostatic Potentials (MEPs). Considering that the electrostatic potential has been used primarily for predicting sites, relative reactivities towards electrophilic attack, in biological recognition and hydrogen bonding interactions [19] [20] [21] , the emphasis of these studies has been on negative regions of V(r).
In the great majority of the potential electrostatic maps (MEPs), the regions of negative values account for the local minima and are site candidates for electrophilic attacks. The positive regions only possess maxima at the nuclear positions [22] indicating that there is no affinity for the nucleophilic reagents. produce the antibacterial effect. In the next step of our study we evaluated the interatomic distances between the potential reactive sites. Table 2 gives the interatomic distances obtained for the potential reactive sites of cineole derivatives. These distances were calculated from the low-energy conformations obtained for each molecule using RHF/6-31G(d) optimizations. In the case of compounds 10 and 11, six different conformations were considered (see Table 3 ).
Comparing the distances shown in Tables 2 and 3 Table 3 ) were varied in 15º increments and were constrained during the subsequent energy minimization with respect to all other internal coordinates. Six clearly defined potential wells, corresponding to regions close to the expected six (θ and ф) rotamers of 10, can be seen in this Figure. In order to confirm these semiempirical and exploratory calculations, we optimized each conformer using more accurate RHF/6-31G(d) computations. The six conformers were confirmed at ab-initio level of theory, being the g-g+ conformation, the preferred form for this compound. Table 3 gives the torsional angles and energy gaps calculated for the six different conformations. Additional details of the calculation method are given in the computational methods section.
It should be noted that the lowest-energy conformation of 10 displays interatomic distances of 3.67/2.66/2.75 Å (Table 3) . However, other spatial arrangements having relatively low energy gaps with respect to the preferred form, show larger distances. Closely related results were obtained for compound 11 (data not shown). These results could explain, at least in part, the intermediate antibacterial activity displayed by compounds 10 and 11.
Interestingly enough, acetate 3, having an alternative O-O-O triangle that involves the ether bridge and the two oxygen atoms of the acetyloxy residue at C-5, was shown to be significantly more active than the parent alcohol 2 ( Table 1) .
On the basis of our results, the antibacterial activity of cineole derivatives reported here appears to be dependent on the presence of at least three potential In summary, we report here the synthesis of a new series of highly oxygenated cineole derivatives and their bacteriostatic effects against a panel of pathogenic bacteria. In addition, a SAR study was carried out on these compounds.
On the basis of computational studies, it is possible to depict the salient structural requirements of cineole derivatives for displaying significant antibacterial activity, i.e. the presence of at least three oxygen atoms and a particular interatomic distance between the potential reactive groups. We believe these results may be helpful for the understanding of the minimum structural requirements for significant activity and can provide a guide to the design of new compounds. It should also be noted that some of the new oxygenated derivatives described here could be involved as intermediates in the metabolic detoxication of cineole in the koala [4a] and other animals fed with cineole-containing diets [4c-d].
Experimental

General experimental procedures:
Melting points were determined on an Ernst Leitz 350 microscope. IR spectra were recorded on a Perkin-Elmer 1600 FT-IR spectrophotometer. NMR measurements were recorded on a Bruker 300 AVANCE. Gas chromatographic analyses and mass spectra were recorded using a 5973 Hewlett-Packard selective mass detector coupled to a Hewlett-Packard 6890 GC using a HP-5MS (5% phenylmethylsiloxane) capillary column ( Endo,endo-1,3,3-trimethyl-2-oxabicyclo[2.2.2 ] octane-5,8-diol monoacetate (7) and diacetate (6): Diol 5 (1.34 g, 7.2 mmol), in anhydrous pyridine (10.5 mL), was treated with recently distilled acetic anhydride (0.75 mL, 7.95 mmol) and allowed to react for 5 h at room temperature. The mixture was treated with 10% hydrochloric acid (60 mL) and thoroughly extracted with chloroform. The chloroform extracts were washed with a saturated solution of CuSO 4 , dried (Na 2 SO 4 ), filtered and the solvent evaporated. GC analysis of the residue showed the following composition: 7, 46%; 6, 11% and unreacted 5, 43%. CC of the mixture (Si gel; chloroform-acetone 9:1) yielded 0.65 g of pure monoacetate 7 as an oil, 0.19 g of pure diacetate 6 as a crystalline solid, and 0.62 g of unreacted starting diol 5. Endo,endo-1,3,3-trimethyl-2-oxabicyclo[2.2.2 
(±)-
1,3-Dimethyl-2-oxabicyclo[2.2.2]octan-8-endoacetyloxy-5→9-olide (lactone of (±)-5-endohydroxy-8-endo-acetyloxy-9-cineolic acid) (15):
To a solution of 908 mg (4 mmol) of 12 in carbon tetrachloride (10 mL), RuO 2 (79.6 mg) was added, followed by 10 mL of a 5.1% aqueous solution of sodium hypochlorite (household bleach). The twophase mixture was magnetically stirred at 0ºC and the reaction monitored by TLC [silica gel, benzene-ethyl acetate (2:1) as developing solvent]. When the oxidation was completed (ca. 22 h), the yellow CCl 4 layer was decanted and the aqueous layer extracted with CCl 4 (4 x 10 mL). The combined organic extracts were treated with 5 drops of methanol to destroy the excess RuO 4 . The precipitated RuO 2 was filtered off, and the filtrate evaporated in vacuo to give 15 (848 mg, 88%) as a crystalline solid. 
MP
1,3-Dimethyl-2-oxabicyclo[2.2.2]octan-8-endo-ol-5→9-olide
(lactone of (±)-endo,endo-5,8dihydroxy-9-cineolic acid) (16): Lactone 15 (224 mg) was refluxed for 2 h with KOH (105 mg) in ethanol (4 mL). After cooling, the reaction mixture was acidified with 5% HCl and thoroughly extracted with EtOAc. After the usual workup and final purification by CC on Si gel, lactone 16 was isolated as a crystalline solid (177 mg, 96%).
